INTRODUCTION
A graphene sheet, rolled with respect to a principal axis in a specific rollover vector, forms a tubular structure known as a single-walled carbon nanotube (SWNT). [1] The atomic arrangements of the carbon atoms during this rolling-up process result in unique transverse structures denoted by chiral indices n and m. [2] Such unique helicity of SWNTs, as defined by chirality, causes variation in wave-function boundaries that represent the electron system of each carbon atom and alters the electronic structure for each specific chirality of SWNTs. [2, 3] The orientational uniqueness of SWNTs also results in novel mechanical, electrical, and optical properties, encouraging further studies in device and process applications. [4, 5] However, the bundling and aggregation propensity of SWNTs limit their effective use in applications. [6] Such limitations encouraged surface functionalization of SWNTs, both covalently [7] and non-covalently, [8] and thus widened the application premise. Well-dispersed SWNTs have been effectively incorporated into a variety of applications, including electronic devices, [4, 9] biophysical processing schemes and biomedical applications (i.e., drug delivery and imaging), [10] optical sensors, [11] membranes for water purification, [12] and nanocomposites. [13] The applied field has also caused a large market transfer of SWNTs, with immediate consequences in terms of environmental release and exposure. [14] The increased manufacturing and widened market share necessitate reliable prediction of SWNT fate and transport, not only in terms of key environmental parameters but more so in systematically evaluating the role of atomic properties and surface functionalities in their aquatic behavior.
High surface interaction (originating from van der Waals energy) in SWNTs can create bundled and aggregated structures in aqueous media. [15] Debundling and disaggregation can be achieved either with functionalization at the defective sites formed during synthesis, or using post-synthesis covalent and non-covalent surface treatments. [6] Covalent functionalization is achieved through sp 3 hybridization of defects and carboxyl group incorporation via oxidation, both in the sidewalls and open ends of the graphitic tubes. [16] Though such covalent functionalization schemes can cause effective debundling, breaking the C-C bond structure through the use of strong oxidants is known to compromise fundamental optical and electrical properties of the helicoids. [6] As an alternate to damaging surface oxidation, non-covalent functionalization results in effective dispersion without compromising novel surface properties. [17, 18] Such surface modification is typically achieved using natural polyelectrolytes (e.g., sodium lingnosulfonate, humic acid, fulvic acid, etc.), [19, 20] synthetic polymers, [21] organic solvents, [22] biomacromolecules, [8] and short-chained surfactants. [18, 23] Typically, long-chained organic molecules with strong hydrophobicity or short-chained organics with aromatic structures adsorb onto SWNT surfaces. The developed soft outer shells essentially provide tube-tube repulsion, causing effective dispersion in aquatic media. [23] However, it is also known that change in the chirality of SWNTs can alter tube-tube interaction and thus can compromise the effectiveness of surfactant stabilization.
Extensive literature has been established on the stability behavior of different carbon allotropes; specifically, the behavior of fullerenes, [24, 25] covalently functionalized multiwalled carbon nanotubes (MWNTs), [26, 27] and covalently functionalized SWNTs. [28, 29] Key parameters evaluated include the effect of solubilization techniques for fullerenes, [24] the extent of oxidation for MWNTs, [27] and the effects of biomacromolecules on SWNTs. [28] Recently, the role of atomic arrangement or chirality of semiconducting SWNTs on their aggregation kinetics has also been systematically evaluated in one of our studies. [30] Moreover, extensive work has also been done to disperse SWNTs with anionic, cationic, and zwitterionic surfactant molecules. [8, 18, 23, 31, 32] Amphiphilic surfactants that are used to functionalize SWNTs or that pre-exist in natural systems have also shown to influence SWNT aggregation; e.g., two recent environmental fate and transport studies have evaluated sodium dodecyl sulfate (SDS) [31] and sodium dodecyl benzene sulfonate (SDBS) [32] in aqueous stabilization of SWNTs. The key findings here show the stability responses of SWNTs, modified with SDS and SDBS, for a range of background electrolyte conditions. Though the literature provides evidence of chirality's role in aggregation and attests to variation in stability by surfactant type, the chiral influences on the surfactant stabilization of SWNTs remain to be systematically studied, particularly while considering the distinct structure of surfactants.
The objective of this study is to evaluate the roles of chirality and surfactant structures in the aggregation behavior of SWNTs that have been modified with commonly used anionic surfactants. Furthermore, molecular modeling of SWNT-surfactant interaction is performed to delineate aggregation mechanisms. The surfactants considered include SDS, SDBS, and sodium deoxycholate (SDOCO). The presence of an aromatic ring differentiates SDBS from SDS, which will allow investigation of the effect of π-π interaction on SWNT aggregation. SDOCO, a commonly used surfactant for non-covalent SWNT functionalization, possesses a curved, cupped structure and thus will likely manifest unique chirality-dependent interaction. Detailed physicochemical and electrokinetic characterizations are performed using Raman spectroscopy, transmission electron microscopy (TEM), and electrophoretic mobility (EPM) measurements. Time-resolved dynamic light scattering (TRDLS) technique is used to study aggregation kinetics in a wide range of mono-and di-valent electrolyte conditions. Suwannee River humic acid (SRHA) is used to study the role of natural organic matter (NOM). A combination of electrokinetic properties, physicochemical characteristics, established macromolecule sorption literature, and high-performance molecular modeling data are utilized to enumerate aggregation mechanisms.
MATERIALS AND METHODS

Materials
CoMoCat SWNTs, SG65 (lot no. 000-0031) and SG76 (lot no. 0020), were procured from SouthWest NanoTechnologies Inc. (SWeNT, Norman, OK, USA). Independent characterization was performed earlier to confirm chiral specificity. [30] In brief, SG65 and SG76 have (6, 5) and (7, 6 ) chiral enrichment, respectively. In addition, other chiralities are present in minor quantities in SG65 and SG76 samples, which include (7,3), (7, 5) , and (8, 4) for SG65 and (7,5), (7, 6) , (9, 4) , (10, 3) , and (12,1) for SG76 SWNTs. It is important to note that these are currently the only two specific chiral SWNT samples available commercially. Three anionic surfactants -SDS (10% solution), SDBS, and SDOCO-were obtained from Invitrogen, ACROS Organics, and Sigma Aldrich, respectively. The surfactant properties are listed in Table S1 .
Functionalization of SWNTs
Surfactant stock solutions (0.02 %w/v) were prepared in deionized water (resistivity ~18.2 MΩ-cm) with each surfactant. SWNTs were added to surfactant stock (50 mL) to yield 105±5 mg/L initial concentration; i.e., a SWNT:surfactant ratio of 1:2. The solution was placed in an ice bath and then subjected to tip sonication (using a tapered 3.2 mm microtip horn and Misonix S-4000 sonicator; Misonix Inc., Farmingdale, NY) for 30 min (at 50 amplitudes). The sonication was performed in the ice bath to keep the temperature constant. An average energy input of 45±5 kJ was maintained for all samples. The dispersion was allowed to quiescently stand for 24 h and then subjected to centrifugation for 1 h at ~10,900 × g (Sorvall RC 5C plus, Thermo-Fisher, MA, USA). The supernatant was decanted to obtain stable surfactant-modified SWNT suspension, which served as stock for all subsequent measurements. The mass concentration of SWNTs solution at each stage, (i.e., right after sonication, after 24 h equilibration period, and upon centrifugation, as listed in Table S2 ) was measured with UV-Vis (Agilent 8453) spectroscopy at 570 nm and 655 nm wavelengths for SG65 and SG76, respectively.
Characterization of SWNTs
Atomic force microscopy (AFM), TEM, Raman Spectroscopy, and EPM measurements were performed to characterize SWNT samples. The details of the AFM protocol is provided in the supporting information. The TEM imaging followed the established protocol. [26, 28] Essentially, a drop of SWNT suspension was placed on a 200 mesh copper TEM grid (Ted Pella Inc.) and was allowed to dry (at 75 °C) for 15 min. Images were collected with an H-9500 (300 kV) TEM (Hitachi High Technologies America, Inc., CA) following random grid location selection. To evaluate the state of surface defects, Raman spectra were recorded with dry SWNT powders placed on glass slides and evaluated with LabRam confocal Raman spectrophotometer (JY Horiba, HORIBA Instruments, Irvine, CA), equipped with an He/Ne (632.817 nm) laser. Each spectrum presented is the average of at least five scans with integration times of 120 s. For electrokinetic characterization, EPM was measured with a Malvern Zetasizer (ZEN 3660) at 20 °C using the established protocol. [26, 28] In short, diluted stock solution (~1 mg/L) was used with relevant electrolytes and at least three replicates with 10 measurements were recorded. Khan 
Solution Chemistry
SWNT aggregation was initiated with the addition of mono-and di-valent electrolytes under environmentally relevant conditions: i.e., 0.1-1000.0 mM NaCl and 0.03-55.0 mM CaCl 2 .
The role of natural organic matter (NOM) was evaluated using 2.5 mg TOC/L Standard II Suwannee River humic acid, SRHA (International Humic Substances Society, Denver, CO) under 10 mM ionic strength (i.e., 10 mM NaCl and 7 mM NaCl with 1 mM CaCl 2 ).
Aggregation Kinetics Measurements
The aggregation kinetics of SWNTs was studied with an ALV/CGS-3 precision goniometer system (ALV-GmbH, Langen, Germany), equipped with a 22 mW He-Ne laser (632.8 nm wavelength). For the dynamic light scattering (DLS) studies, SWNTs (2 mL; ~1 mg/L) were added to pre-cleaned disposable borosilicate glass vials (Fisher Scientific, PA) that were soaked in cleaning solution (2%; Extran MA01, EMD Chemicals, NJ), and thoroughly rinsed with deionized water and oven-dried (Fisher Scientific, Pittsburg, PA) under dust-free conditions. [28, 30] Salt solutions at appropriate dilutions were added to initiate aggregation and the He-Ne laser was guided toward the sample, placed in a toluene-filled refractive index-matched vat. The scattered light intensity was detected at 90° with a photon counting module operating at 1.2 amperes and 5 volts (Perkin Elmer, Dumberry, Canada). The hydrodynamic radii of the particle clusters were estimated through second-order cumulant analysis (ALV software) and the average hydrodynamic radius (R 0 ) was calculated every 15 s, then corrected by an autocorrelation function for at least 30 min for each condition. Analysis of the DLS data included initial aggregate rate calculations for up to 1.3 times the initial hydrodynamic radius size, R 0 . The rate of aggregation is known to be proportional to the rate of change of R 0 with time and can be expressed as follows ( Equation 1); [28] ( 1) where, k is the initial aggregation rate, and N is the SWNT particle concentration.
To eliminate the influence of particle concentration, which can vary between samples, a normalized unit less quantity, known as attachment efficiency (α) is determined from the ratio of initial aggregation rate at each electrolyte condition with that of the favorable aggregation condition. Attachment efficiency 'α' is represented using Equation 2 as follows: [28] ( 2) where, α is the attachment efficiency, and t is the time of aggregation. All DLS measurements were conducted at 20±0.5 °C and at least 2 duplicate samples were tested to obtain significant reproducibility.
Molecular Modeling
The optimized geometries and binding energies of the surfactants on SWNTs in the gas phase were calculated using procedures adapted from Zaib et al. [33] The initial geometry of a repeating unit of a SWNT molecule with a chirality of SG65 and SG76 was obtained using a nanotube builder, Visual Molecular Dynamics (VMD) program. The ends of SWNTs were terminated with H atoms, and the resulting molecular formula was C 508 H 26 and C 364 H 22 for SG76 and SG65, respectively. The coordinates of the SWNTs and surfactant molecules were optimized with dispersion-corrected Density Functional Theory (DFT) using the BLYP functional and the 6-31G basis set as implemented in TeraChem. [34, 35] To obtain the minimum energy configuration of the surfactants on the surface of the SWNTs, an estimate of the initial geometry was obtained by optimizing the surfactant on a SWNT fragment using their effective fragment potentials (EFP2) generated using General Atomic and Molecular Electronic Structure Systems, GAMESS. [36] [37] [38] [39] A C 54 fragment was cut out from the center of the SWNTs and the external carbons were terminated with H atoms. The H positions were then optimized at the DFT-D3/BLYP/6-31G level while keeping the C atoms fixed. The SWNT fragments and surfactants were re-oriented along their principal axes using MacMolPlt [40] and their EFP2 were generated at the 6-31G level using numerical distributed multipole analysis with no charge transfer. [37, 38] Geometry optimization of the surfactant on a SWNT fragment was performed by randomly rotating the surfactant molecule, locating the surfactant center within 0 to 8 Å of the SWNT fragments' center in the convex region, and ensuring the initial nearest distance between the atoms would be limited to 1.5 and 5.0 Å. A total of 10,000 optimized configurations were collected and sorted by increasing EFP2 pair energies.
Essentially, the SWNT-surfactant pair was mapped onto the center of the larger SWNT molecule. After mapping, the short distance between surfactant atoms and the larger SWNT molecule allows the visual molecular dynamics (VMD) program to automatically assign these atoms as bonded. These bonded atoms are the results of using small EFP2 fragments to obtain an initial estimate of geometry optimization. The lowest fragment energy configuration that does not show these bonded atoms upon mapping was selected for further geometry optimization at the DFT-D3/BLYP/6-31G level. The final energies were then calculated using DFT-D3/BLYP/6-31++G(d,p) and interaction energies are calculated using Equation 3.
RESULTS AND DISCUSSION
Morphological and Chemical Characteristics
Chirality characterization of SG65 and SG76 SWNTs is reported in our previous work [30] ; a chirality map showing major chiral indices for both samples is shown in Figure S1 . Both the chiral SWNTs showed similar length as observed from the AFM imaging ( Figure S2 ). The controlled sample preparation yielded a length range of 1.5-2.5 μm and 1.2-2.0 μm for SG65 and SG76, respectively. Since the length ranges of the tubes are similar between SG65
and SG76, we believe that length differences have played a minimal role in SWNT aggregation. Moreover, a recent study on the aggregation of MWNTs as a function of length further confirms the negligible role of length in smaller-diameter MWNT aggregation. [41] The pristine samples possess mean diameter distribution of 0.805±0.243 nm and 0.927±0.274 nm for SG65 and SG76, respectively ( Figure S3) ; the diameter distribution is produced via NIR fluorescence spectroscopy as described earlier. [30] TEM micrographs in Figure 1 show SWNT physical morphology of pristine tubes and SWNTs with surfactant modification. Overall, both SG65 (top row: b-d) and SG76 (bottom row: f-h) show debundling and declustering in the presence of the surfactants when compared to the pristine cases (i.e., Figure 1a and 1d, respectively) . Qualitatively, the packing density showed variation with relative increase in denseness (from left to right in Figure 1 ) as the surfactant changes from SDS to SDBS to SDOCO. The micrographs are similar to those found in previous literature on SWNTs modified with surfactants, polymeric surfactants, and biomacromolecules, showing debundling and declustering. [19, 42] Note that TEM micrographs are spot-specific, and thereby provide information on the qualitative bundling state of SWNTs in the presence of the surfactants.
Graphitic properties of SWNTs are evaluated with Raman spectroscopy as presented in Figure S4 . (Table S3 ). The decrease in D/G with surfactant most likely occurred due to electron shielding by the sorbed surfactant molecules. The literature has reported D/G ratios that are similar in magnitude showing a range of 0.05 to 0.21. [43] Similar shielding in Raman responses are consistently observed elsewhere. [44] 
Electrokinetic Properties
EPM values for SWNTs are presented in Figures 2 (SG65) and S5 (SG76) for the considered range of NaCl and CaCl 2 , respectively. Overall, the EPM profiles indicate the presence of negative surface potential for all electrolyte conditions and for both SG65 and SG76 with each of the anionic surfactants. There is a gradual decrease in the absolute value of EPM with the increase in electrolyte concentration. The presence of a negative surface charge attests to effective surfactant binding onto SWNT surfaces, similar to earlier observations. [45] In the presence of 1-100 mM NaCl, the absolute value of EPM for SG65 Figure S5a ). The chiral difference thus has altered the electrokinetic properties, likely due to the higher interaction between the SG76 tubes and the anionic surfactants, as discussed in the modeling section. Moreover, the relative enhancement of surface potential with SDBS indicates higher surface coverage, likely the result of favorable π-π interaction between SWNTs and the aromatic rings in the SDBS structure. Such sorption affinity for organic molecules with ring structures is observed in cases of humic substances [46] and other aromatics [47] . Both SDS and SDBS have showed EPM enhancement in the prior studies. [31, 32] In presence of divalent Ca 2+ ions, negative surface potential is observed on both SG65 (Figure 2b ) and SG76 ( Figure S5b) samples, but at relatively lower levels as compared to mono-valent Na + cases. Similar electrokinetic behavior was observed for acidfunctionalized SG65 and SG76 SWNTs earlier. [30] In the current case, the effect of chiral differences as well as surfactant structure was minimized, likely due to substantially higher electrostatic screening with Ca 2+ cations. [48] Such higher electrostatic screening in the presence of divalent cations is similarly observed in earlier SWNT literature; SDBSmodified SWNTs and MWNTs showed similar decreases in absolute value of ζ potential from −27 to −10 and −34 to −14 mV, respectively, with an increase in divalent electrolyte concentration. [32] 
Aggregation Behavior
Initial hydrodynamic radii of SG65 and SG76 SWNTs at DI water were measured at 138±12, 103±7, and 100±6 nm and 244±27, 199±15, and 201±18 nm for SDS, SDBS, and SDOCO modifications, respectively. Similar hydrodynamic radii of 117±8 and 208±11 nm for SG65 and SG76 SWNTs, respectively, were reported in our earlier work. [30] A relatively higher initial hydrodynamic radius of SG76 demonstrates higher tube-tube interaction propensity, compared to SG65 sample. Aggregation profiles for SG65 and SG76 SWNTs with NaCl electrolyte are shown in Figures 3(a-c) and S6(a-c), respectively. The attachment efficiencies (α) are estimated from initial aggregation rates using aggregation profiles and stability plots are shown in figure 4 (a-b) with regards to NaCl concentration. All the stability profiles show classical Derjaguin-Landau-Verwey-Overbeek (DLVO) type behavior. The key finding from the aggregation kinetics study is the ability of SDBS to stabilize SWNTs relative to SDS and SDOCO, as indicated by the 170 mM NaCl value, the critical coagulation concentration (CCC) for SG65 SWNT. However, the change in chiral enrichment to the SG76 sample resulted in compromised stability, as reflected by a CCC value of 44 mM NaCl. This is evident from Figure 4(a-b) , where ½ to 1 log-unit leftward shift is observed for the most stable case (i.e., SDBS), as the tube chirality changed from (6, 5) to (7, 6) . The CCC values of SDS and SDOCO modified SG65 and SG76 were estimated as 18 and 41 mM NaCl and 29 and 34 mM NaCl, respectively. The findings demonstrate that though SWNT stabilization can be surfactant-dependent, the role of surfactant type diminishes with the change in chirality of semiconducting tubes. Previously, a wide range of CCC values were reported: 121 mM to 870 mM NaCl for 0.0005 to 0.05% SDS modification [31] and 90 mM NaCl for SDBS modification [32] . Covalent functionalization, however, showed lower effectiveness in stabilizing SWNTs as reflected by CCC values of 37 mM and 20 mM NaCl for the acid etching and mechnochemical processes, respectively. [28, 29] However, the chiral specificity of the SWNTs in these studies was unknown. The only study to date reporting the role of chirality is our previous publication where SG76 showed a significantly lower CCC value compared to that of SG65: a CCC of 13 and 96 mM NaCl for SG76 and SG65, respectively. [30] The other key finding from the aggregation kinetics study is the significant effect of CaCl 2 in minimizing the effects of chirality change and surfactant differences on SWNT aggregation. The aggregation behavior showed similar DLVO type behavior for both SG65 and SG76, however, with at least one logarithmic left-shift (Figure 4c-d) . The attachment efficiencies are similarly estimated from aggregation rates using aggregation profiles presented in Figures S7(a-c) and S8(a-c) . The presence of CaCl 2 overshadowed the surfactant stabilization and caused overlapping of the stability profiles of SWNTs, yielding CCC values of 0.7, 2.2, and 1.3 mM CaCl 2 with SDS, SDBS, and SDOCO modification of SG65, respectively. In addition, change in chirality also did not result in significant differences in the CCC values; the values were estimated as 1.4, 1.7, and 0.7 mM CaCl 2 for SDS, SDBS, and SDOCO modifications of SG76. Recent studies employing SDBS and SDS stabilization reported similar CCC values of 0.82 and 2.52 mM CaCl 2 , respectively. [31, 32] Covalent functionalization also showed consistent range of CCC values; i.e., 0.2 mM and 2.0 mM CaCl 2 for acid etching and mechnochemical processes, respectively. [28, 29] It is interesting to note that presence of divalent cations can not only suppress the role of surface functionality but can also reduce the effect of chiral differences on aggregation, as evidenced by reported CCC values of 2.8 and 0.6 mM CaCl 2 for SG65 and SG76, respectively. [30] Figure 5 shows the optimized configuration of the negatively charged surfactants on the SWNT and the interaction energies. The optimum SDBS configuration has the face of the aromatic ring parallel to the surface of the SWNT. The SDOCO has the concave section of the surfactant oriented along the surface of the SWNT with the methyl groups oriented away from the tubes. The axis of SDS appears to be parallel to that of the SWNT. All interaction energies between the surfactant and the SWNTs are favorable, confirming that the surfactants would be bound to the surfaces of the SWNT. The lowest interaction energy is for the SDBS surfactant, which indicates the smallest surface footprint for dispersion interactions. More favorable interaction energies are calculated for SG76 compared to SG65 because of the larger radius of SG76. This finding signifies that a higher binding preference is expected for SG76 as compared to SG65, as consistently observed in higher EPM values.
Molecular Modeling of SWNT-Surfactant Interaction
Aggregation Mechanisms
SWNTs are known to possess high aggregation propensity due to substantial van der Waals interaction. Such attractive interaction is also influenced by the atomic arrangement, (i.e., the chirality) of the SWNTs. As previously observed, SWNT aggregation is substantially increased with the increase in diameter for similar chiral-angled tubes; i.e., SG76 is observed to have higher aggregation propensity compared to SG65 under environmentally relevant electrolyte conditions. [30] The key mechanism is identified as increased Hamaker constant for larger diameter SG76, resulting in enhanced van der Waals interaction, thus dominating the aggregation behavior. [30] In this study, aggregation behavior undergoes further differences due to the change in surface functionalization; i.e., non-covalent surfactant modification instead of covalent carboxylation. The SDBS molecular structure has likely played an important role to provide higher stability to SWNTs. The structural difference between SDS and SDBS is essentially an added aromatic ring for the latter; in contrast, SDOCO possesses both a higher molecular weight as well as a unique structural configuration (Table S1 ). The presence of the aromatic ring in SDBS has likely caused increased affinity of the surfactant molecules toward SWNTs, as compared to the linear chained SDS. SDOCO molecules with cyclic organic features likely possessed hydrophobic interaction forces that resulted in a higher footprint on SWNT surfaces, as observed from relatively higher interaction energies. The adsorbed SDS, SDBS, and SDOCO have resulted in surface charge incorporation and the increased electrostatic stability of the SWNTs. Since aggregation is an interplay between electrostatic repulsion and van der Waals attraction, the higher attractive forces imparted by larger diameter SG76 tubes have largely masked the stabilization effects provided by SDBS. Similarly, higher electrostatic screening with Ca 2+ cations caused a masking effect for the adsorbed surfactants, resulting in reduced stability in presence of all three surfactants (Figure 4c-d) . Molecular modeling is thus performed to further probe aggregation mechanisms for non-covalent surface modification. Figure 5 evinces that the structural variation between surfactants resulted in the greatly varied surface footprint of the molecules, as discussed earlier. Figure S5 ). Interestingly, the SDBS cases have the lowest interaction energies as compared to SDS and SDOCO. At first glance, this outcome appears to be contradictory to the aggregation and SDBS-SWNT association findings-where SDBS is observed as the strongest stability enhancer with a strong association with the tubes (TEM). However, the molecular orientation differences can explain both the interaction energy estimations as well as explain the aggregation propensity trend. Geometry optimization shows that linear chain SDS molecules attain parallel configuration with SG65 and SG76 principal axes. Such a configuration not only indicates a large molecular footprint for the SDS-and thereby lower surface coverage-but also explains the relatively higher interaction energy results emanating from the interaction of a larger number of surfactant atoms with the carbon atoms on the SWNTs. In comparison, the optimized configuration for SDBS modification shows close proximity of the aromatic ring and a wide angular deviation of the rest of the surfactant chain from SWNT surfaces. It similarly explains the relatively lower interaction energy estimation through large distance-separation of the aliphatic chain from SWNT carbon atoms. Such an orientation of SDBS molecules likely has resulted in the smaller footprint and thereby an increased surface coverage, as observed from the EPM values (Figures 2 and S5 ), TEM (Figure 1) , and the enhanced stability of this surfactant ( Figure 4) . Finally, the SDOCO surfactant with a 'cupped' structure showed casping of SWNT around its diameter, thus creating a similarly large molecular footprint. Such an orientation resulted in a high level of atom proximity to the SWNT carbon atoms and thus generated a relatively higher interaction energy value. The key manifestation of stability enhancement by SDBS is thus likely to have resulted from the greater surfactant density on SWNT surfaces as well as from the steric contribution of the outward extended chain of the SDBS-a set of conditions unique to this particular surfactant.
Role of SRHA on SWNT Aggregation
The initial aggregation rates (Table S4) of SDS, SDBS, and SDOCO stabilized SG65 and SG76 SWNTs with and without the presence of SRHA under a 10 mM ionic strength electrolyte condition are estimated from corresponding aggregation profiles. Overall, the rate of aggregation (nm/s) of SWNTs, irrespective of any specific surfactant, undergoes substantial decrease, i.e., 64.7 to 99.4%, for all cases with the addition of SRHA ( Figure S9 ). For SG65, the aggregation rates decreased with SRHA in 10 mM NaCl condition from 0.148±0.019 to 0.030±0.002, 0.061±0.004 to 0.015±0.012, and 0.101±0.008 to 0.017±0.013 nm/s for SDS, SDBS, and SDOCO, respectively. Similar stability increase is observed in case of SG76. Moreover, the presence of 1 mM Ca 2+ cations increased the overall aggregation rates, yet shows a substantial decrease with SRHA addition for all surfactant cases.
Such increased stability with SRHA is most likely the result of surfactant molecule replacement with larger SRHA macromolecules. The average SRHA molecular weight is reported to be approximately 1,490 Da, as reported by International Humic Substances Society, which is at least three times higher than that of all three surfactants used. It is well known in the literature that higher molecular weight macromolecules preferentially replace smaller molecular weight surfactants. [49] Thus SDS, SDBS, and SDOCO molecules are likely replaced with SRHA, providing elctrosteric stabilization to both SG65 and SG76 and diminishing surfactant-specific response for aggregation. Such enhanced stabilization is observed earlier for both SWNTs and MWNTs. [32] Fullerenes also showed similar stabilization with NOM. [50] 
CONCLUSIONS
SWNTs, upon release to the aquatic environment, will interact with surfactant molecules. SWNT aggregation will thus be influenced by the type of surfactant molecules as well as by their chiral identity. Results indicate that change in chirality from (6, 5) to (7, 6) , can influence CCC values; however, the influence of chirality is also dependent on surfactant structure, which controls surfactant configuration on tube surfaces and subsequent SWNT aggregation. SDBS surfactant has shown to play an insignificant role in SWNT stabilization, while chirality change dominated the aggregation behavior, as shown by nearly a ½ log unit leftward shift in CCC for (7, 6) chirality. In contrast, SDS and SDOCO are effective in stabilization of SWNTs and minimize the role of chirality changes, as shown by the narrow differences between the CCC values of the two chiral tubes. In the case of the divalent electrolyte Ca 2+ , the surfactant stabilization is suppressed and role of chirality is also diminished, as indicated by minor differences in CCC values for all cases examined. Results further show that NOMs, such as SRHA, significantly reduce aggregation rate and enhance SWNT stability in typical aquatic environments. Thus SWNT aggregation behavior in an aqueous system will likely be dominated by the chiral identity of the tubes as well as by the structure of surfactant coating. Divalent electrolytes will likely diminish stabilization effects while NOMs will overcome aggregation propensity and stabilize SWNTs in most aquatic environments. EPM of SG65 SWNTs as a function of (a) NaCl and (b) CaCl 2 salt concentration. At least three separate experiments were performed for each condition and data presented here represent the mean of three independent experiments with one standard deviation. Measurements were carried out at a pH of ~6.5 and a temperature of 20±0.5 °C. 
